Introduction. Apoptosis is a genetically regulated form of cell death, in which superfluous or abnormal cells are eliminated from an organism [1 J. Apoptosis (also referred to as a programmed cell death) plays a fundamental role in cell homeostasis and in a variety of physiological and pathological processes [2, 3] . Although apoptosis occurs in diverse cell types and is triggered by a number of extracellular and intra cellular signals it involves the uniform morphological changes of the cells such as chromatin condensation, cytoplasmic vacuolization and plasma membrane blebbing [2) . The morphological alterations of apoptosis are accompanied by a variety of biochemical changes. Elevations in cytosolic free calcium (rew [4 ] ) and cytosolic hydrogen ions |5 ] are followed by inter nucleosomal DNA degradation [6, 7] and sharp decreases in cellular NAD levels |8-10]. Despite considerable effort has been directed toward defining the biochemical basis for morphological changes asso ciated with apoptosis, no consensus has been achie ved. Activation of endonuclease which preferentially
cleaves DNA at internucleosomal regions has been considered as a critical event in apoptosis for many years [2, 3] . More recently, the attention of many laboratories has been focused on another essential step of apoptosis, namely, activation of proteases [rews 11, 12] . In the early phases of apoptosis peculiar modifi cations of nuclear morphology become evident. Mor phological nuclear changes typical for apoptosis usu ally coincide with double-strand cleavage of DNA at internucleosomal sites [2, 3] . Recent evidence sug gests, however, that the changes in nuclear mor phology observed during apoptosis seem to be more closely correlated with the proteolysis of a subset of nuclear proteins [13] [14] [15] [16] [17] [18] and the onset of high molecular weight (HMW) DNA fragmentation, an event that has been shown to precede [19] [20] [21] [22] , or, in some cell types, to occur in the absence of internucleosomal DNA cleavage [23] [24] [25] . The formation of HMW-DNA fragments, possibly resulted from the cleavage of looped DNA domains at the attachment points on the nuclear scaffold, and the activation of proteases, which seem to act in parallel with nucleases [16] [17] [18] , have been postulated to be an early critical event in apoptosis.
Although considerable progress has been achi eved in understanding the biochemical events, under lying morphological changes in apoptotic cells, remar kably few is known about initiating events that trigger apoptotic cell death. The observation that apoptosisrelated cytoplasmic changes can be achieved in enuc leated cells [26, 27] suggests that nuclear events are not essential for initiation of apoptosis. Genotoxic damage, however, is a powerful apoptotic stimulus, and it seems likely that the nucleus contains impor tant mediators which can initiate apoptotic cascade, at least for particular apoptotic inducers.
In this paper we employed a procedure of cell extraction with high concentration of sodium chloride to monitor the integrity of nuclear DNA during apoptosis and demonstrated that before the formation of HMW-DNA fragments, revealed in sodium-chlo ride-extracted cells, the «hidden» HMW-DNA clea vage takes place in apoptotic cells, that can be detected by cell treatment with SDS. SDS-dependent HMW-DNA cleavage in apoptotic cells occurs at the early stage of apoptosis, is observable in the densityarrested nonapoptotic cells, and is reversible.
Experimental Procedures. Cell lines and culture conditions.
Murine thymocytes obtained from the thymus of a 4-5 week old mouse (line BALB/C) and Swiss 3T3 fibroblasts were used for this investigation. 3T3 fibroblasts were routinely incubated in DMEM medium supplemented with 10 % fetal calf serum (PCS) in an atmosphere of 95 % air, 5 % C0 2 to give a final suspension of 5 10° cells/ml. Apoptosis in exponentially growing 3T3 fibroblasts was induced by serum withdrawal. Thymocytes primary cultures were prepared from intact thymocytes to give a final suspension of 5-10° cells/ml in RPMI 1640/10 % FCS and incubated under conditions indicated above for at least 6 h either with or without 1 mM dexamethasone.
Morphological examination of cells. Cells were harvested by centrifugation and resuspended in 100 jul of phosphate buffered normal saline (PBS) at ~10 7 cells/ml followed by staining with 1 ,ug/ml of Hoechst 33342 for 30 min at 37 °С. After washing cells were resuspended in 30 JU\ of PBS and fixed with ЗО /Л of 4 % paraformaldehyde. For inspection of chromatin 10 jul aliquots were laid on glass slides coated with 3-aminopropyl-triethoxysilane. Microscopy was per formed under conditions of normal illumination and fluorescent light using phase contrast optics.
DNA analysis in cellular preparations. 200 /u\ of thymocyte suspension containing app. 1 • 10 6 cells were placed into the well of cell culture plate and equal volume of 1 % low-melting point agarose in PBS-buffer preheated to 37 °С was added. For preparation of DNA samples from 3T3 fibroblasts cultural medium was collected and detached cells were harvested from the cultural medium by centrifugation. Attached cells were scraped in the fresh medium and collected by centrifugation. Both attached and detached cells were resuspended in 200 jul of the fresh medium and embedded into agarose by addition of preheated to 37 °С equal volume of 1.5 % low-melting point agarose prepared on PBS-buffer. Agarose-embedded cells (both thymocytes and fibroblasts) were either treated with the lysing buffer (PBS-buffer containing 10 mM EDTA, 1 % SDS) for 1 h at 25 °С or with the extraction buffer (20 mM tris-HCl, pH 7.5, 1 mM EDTA, 0.2 mM PMSF, 2 M NaCl) three times for 20 min at 4 °С. Both SDS-treated and sodium-chlorideextracted embedded in agarose cells were washed three times for 20 min at 25 °С with washing buffer (extraction buffer without NaCl) and subjected to electrophoresis.
Agarose gel electrophoresis
Agarose plugs with SDS-treated-and sodium-chloride-extracted cells we re subjected to conventional or field inversion gel (FIGE) electrophoresis. Conventional gel electropho resis was carried out in 1.2 % agarose at 70 V for 3-4 h using 0.5 x TBE buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M EDTA, pH 8.5). As a molecular weight marker was used 1 kb ladder, obtained from Life Technologies. FIGE was per formed in 1 % agarose at 85 V for 18 h in 0.5 * x TBE buffer under constant pulses of electric field (24 s «forward» and 8 s «backward») allowing reso lution of DNA molecules sized up to 500 kb [47 J. In some cases FIGE was carried out for 5-6 h allowing resolution of both low-and high molecular weight DNA. After electrophoresis, the gel was stained with 1 jug/ml ethidium bromide for 10 min, viewed using a UV transilluminator and photographed using Micrat 300 film.
Results. Data presented in Fig. 1 show that dexamethasone-induced apoptosis in primary culture of thymocytes is associated with an extensive cleavage of nuclear DNA into high molecular weight (HMW) DNA fragments of about 300 kb and 50-150 kb (300 kb-DNA fragments represent an compression artifact under FIGE employed, results not shown). Parallel fractionation of SDS-treated apoptotic cells both by field-inversion-and conventional gel electrophoresis indicates that the formation of HMW-DNA fragments takes place at the early stage of apoptosis (Fig. 1) , and precedes the internucleosomal DNA fragmen tation, which represents a hallmark of apoptosis in these cells.
As is evidenced from the results presented in SDS or by celJ extraction with high concentration of sodium chloride (a procedure commonly used for preparation of histone-depieted nuclei). However, the formation of SDS-detected HMW-DNA fragments in apoptotic thymocytes precedes the nuclear DNA frag mentation detected by high-salt-extraction (Fig. 2,  A) . Incubation of primary thymocyte culture without apoptotic inducers also results in similar pattern of nuclear DNA disintegration, which involves the for mation of HMW-DNA fragments and concomitant development of oligonucleosomal DNA ladder (Fig. 2,   B) . This indicates that isolated thymocytes are com mitted to death, and die via apoptosis even in the absence of apoptotic inducers. At the same time the formation of HMW-DNA fragments to occur rapidly in the cells committed to apoptosis can be detected only in SDS-treated-but not in high-salt-extracted cells, while the oligonucleosomal DNA ladder can be detected by both cell treatment with SDS and ex traction with high concentration of sodium chloride (Fig. 2, B) . The examination of nuclear morphology by Hoechst 33342-staining reveals that internucleo somal DNA fragmentation accompanies the apoptotic changes in nuclear morphology, while the SDSdetected HMW-DNA cleavage is not associated with the apoptosis-related chromatin changes (Fig. 2) .
Data presented in Fig. 3 show that SDS-detected HMW-DNA cleavage in apoptotic thymocytes is re versible after brief heat treatment of the cells. The reversibility of HMW-DNA cleavage is observed at the early stage of apoptosis with its subsequent loss at the advanced stage coinciding with the development of oligonucleosomal DNA ladder (Fig. 3) .
The absence of HMW-DNA cleavage in SDS-nontreated thymocytes as well as reversibility of HMW-DNA cleavage at the early stage of apoptosis allow us to suggest that SDS-detected HMW-DNA cleavage is not associated with the apoptotic DNA degradation but represents an early genomic event in cells pre disposed to undergo apoptosis. To further investigate the relationship between the HMW-DNA cleavage and apoptotic DNA degradation we examined the integrity of nuclear DNA in continuously growing Swiss 3T3 cells induced to undergo apoptosis by serum de privation. To facilitate the DNA analysis a con ventional gel-electrophoresis has been used instead of FIGE since it allows to detect easily both inter nucleosomal and HMW-DNA fragmentation (latter is detected as a single condensed band sized about 50 kb, Fig. 1 ).
Data presented in Fig. 4 demonstrate that the progressive accumulation of HMW-DNA fragments and concomitant development of oligonucleosomal la dder, delected either by cell treatment with SDS or extraction with sodium chloride, is restricted to the detached serum-deprived 3T3 cells. In attached cells, however, there is no obvious sodium-chloride-detected DNA fragmentation but SDS-detected HMW-DNA cleavage may be observed. These data indicate that the formation of SDS-detected HMW-DNA fragments in apoptotic 3T3 cells precedes sodium-chloride-de tected HMW-DNA cleavage and occurs in alive (at tached) cells committed to undergo apoptosis.
From the data presented at 
•% SDS (as pointed on the figure). Both sodium-chloride-extracted and SDS-treated cells were washed three times with washing buffer (see Experimental Procedure) and fractionated by E1GE. Left panels demonstrate the HMW-DN'A fragments separated by EiGE (ethidiurn bromide staining). Right panels show the morphological features of chromatin in lloechsl 33342-stained thymocytes after 5 h of cell incubation
fA^high concentration of sodium chloride [28] [29] [30] [31] [32] [33] [34] one can expect that ds DNA breaks should be revealed in high-salt-extracted cells. As an illustration both HMW-DNA fragments and oligonucleosomal DNA ladder can be detected in high-salt-extracted cells at the advanced stage of apoptosis (Fig. 2, 4 ) and is
Fig. 3. The reversibility of HMW-DNA cleavage in thymocytes at the early stages of apoptosis. Thymocytes were treated with 1 t uM dexamethasone and allowed to incubate for 0-3 h. At different time points cells were embedded into agarose as described in Ex perimental Procedures (panel A) or were additionally incubated at 55 °С for 10 min followed by agarose embedding (panel B). After gelation cells were treated with SDS and fractionated by FIGE as described in Experimental Procedures
time in detached cells, which appear after monolayer has been established in attached cells, the HMW-DNA cleavage can be revealed by both cell treatment with SDS and extraction with sodium chloride (Fig. 5,  B) .
Data presented suggest that SDS-detected for mation of HMW-DNA fragments represents a phy siological reaction of alive cells that accompanies changes in functional activity of the cells during the cell passage.
Discussion. Our results show that apoptosis in primary culture of murine thymocytes and in con tinuously growing 3T3 fibroblasts is accompanied by an ordered fragmentation of nuclear DNA. Two stages of nuclear DNA disintegration can be dis tinguished in apoptotic cells: the formation of HMW-DNA fragments followed by the development of oligonucleosomal DNA ladder (Fig. 1, 4) . At the same time our data indicate that there are two types of HMW-DNA cleavage in cells induced to undergo apoptosis, namely, the HMW-DNA cleavage detected either with NaCl or SDS and that detected only by cell treatment with SDS.
Because most of the histories and non-histone proteins are extracted upon treatment of cells with [571 that treatment of isolated nuclei with DNAse I releases the nuclear DNA upon extraction of nuclei with 2 M NaCl. The absence of the HMW-DNA cleavage in high-salt-extracted thymocytes, cultured in vitro without apoptotic inducers, as well as in thymocytes at the early stage of dexamethasoneinduced apoptosis (Fig. 2) clearly indicate that there are no preexisting ds DNA breaks in the cells committed to undergo apoptosis or at the early stage of apoptosis. At the same time the detection of HMW-DNA cleavage in the same cells by cell treat ment with SDS suggests that the HMW-DNA cleavage is either induced or revealed by addition of detergent. SDS-dependent formation of HMW-DNA fragments makes the phenomenon observed strikingly analogous to the topoisomerase II-dependent DNA cleavage. This is further confirmed by the observation that SDS-detected HMW-DNA cleavage at the early stage of dexamethasone-induced apoptosis in murine thy mocytes is reversible under conditions that favor topoisomerase II-dependent rejoining reaction [58 ] (Fig. 3) . It is of interest that the reversibility of SDS-detected HMW-DNA cleavage in dexamethasone-treated thymocytes is lost at the advanced stage of apoptosis, when oligonucleosomal DNA ladder is developed (Fig. 3) . This suggests that different nuc leases may be involved in the HMW-DNA cleavage at the different stages of apoptosis. Alternative exp lanation is that apoptosis-related proteolysis of topo isomerase II 124, 48] could underlie the loss of reversibility of HMW-DNA cleavage at the advanced stage of apoptosis.
The examination of nuclear DNA disintegration in 3T3 fibroblasts, induced to undergo apoptosis by serum deprivation, allows us to divide several stages of apoptotic DNA fragmentation as follows. SDSdetected formation of HMW-DNA fragments proceeds in attached cells at the early stage of apoptosis, then the detachment of the cells takes place, which is associated with the sodium-chloride-detected HMW-DNA cleavage, followed by the development of oligo nucleosomal DNA ladder. In the consecutive events of apoptotic DNA degradation to occur in 3T3 cells the appearance of sodium-chloride-detected HMW-DNA fragments seems to be attributed to the detached (dead) cells (Fig. 4) . At the same time the SDSdetected HMW-DNA cleavage, which precedes the sodium-chloride-detected formation of HMW-DNA fragments in apoptotic thymocytes (Fig. 2) , occurs in attached serum-deprived 3T3 cells (Fig. 4) as well as in the confluent serum-non-deprived cells (Fig. 5) . Furthermore, the SDS-detected HMW-DNA cleavage is reversible at the early stages of apoptosis upon brief heat treatment of the cells (Fig. 3 ) and after addition of the serum to the serum-deprived cells 149 |. All these data suggest that SDS-detected formation of HMW-DNA fragments shares no common feature with an apoptotic DNA degradation but represents an early genomic event in cells committed to undergo apoptosis. Indeed, there is no difference in the ability to SDS-detected formation of HMW-DNA fragments both in attached serum-deprived cells (preapoptotic cells) and serum-non-deprived (healthy) cells (com pare Fig. 4 and 5) . Remarkably, an increased for mation of SDS-detected HMW-DNA fragments takes place in cells stimulated to undergo apoptosis by non-genotoxic inducers, namely by dexamethasone, and by serum deprivation. This indicates that the nucleus contains important mediators of the early events of apoptosis even in the absence of DNA damaging agents.
It is becoming increasingly evident that apoptosis SOLO WAN V. Т. occurs in response to many different stimuli, of which a partial list includes withdrawal of growth factors, inappropriate expression of genes that stimulate cell cycle progression, and viral infection. Several of these factors have in common the property that they alter the cell cycle, and it has been proposed that apoptosis primarily reflects a cell cycle perturbation [50, 51 ] . Because the most probable event accompanying a cell engagement to apoptosis might be an arrest of cell proliferation one could assume that SDS-detected formation of HMW-DNA fragments reflects changes in proliferative status of the cells. This is further confirmed by the data that monolayer establishment in continuously growing 3T3 cells is accompanied by an increased formation of SDS-detected HMW-DNA fragments (Fig. 6) . On the other hand, the sti mulation of confluent cells to proliferation by dilution of monolayer is accompanied by decreased HMW-DNA cleavage [49] . These data allow us to suggest that an arrest of cell proliferation may underlie the formation of SDS-detected HMW-DNA fragments, an event that seems to represent an early commitment step to the subsequent apoptosis.
The cleavage of nuclear DNA into HMW-DNA fragments to occur at the early stage of apoptosis (or at the commitment stage of apoptosis) clearly indicate that there is a periodic location of cleavage sites along genomic DNA. It is becoming apparantly evident that in the interphase nucleus each chromosome occupies its own three-dimensional space due to the estab lished contacts with the protein scaffold to generate a complex structural organization. An extraction of nuclei with high concentration of sodium chloride reveals that nuclear DNA is organized into topologically constrained loop domains anchored to a protein backbone structure referred to as the nuclear matrix or chromosome scaffold [28] [29] [30] [31] [32] [33] [34] .
Topoisomerase II has been shown to be a major component of the nuclear matrix and plays an im portant role in chromosome structure and dynamics [35] [36] [37] . Several lines of evidence suggest that topoisomerase II is concentrated in a number of discrete anchoring complexes which probably form the bases of the chromatin loop domains [35, 38-40, rew 41, 42] .
Previously we demonstrated that the HMW-DNA fragments, resulted from the treatment of nuclear DNA preparations with the protein-denaturing agents, correspond to DNA loop domains [52] . The relation of HMW-DNA fragments to the DNA loop domains were also concluded by other authors [53, 54] . We presented evidence indicating that DNA loop domains in nonapoptosizing tissues are involved in functional topoisomerase II/DNA complexes with the ability to mediate the cleavage/rejoining reactions [55, 56] . Based on studies with purified topo II enzymes and DNA, a two-stage model for topo isomerase II-mediated cleavage/religation reactions has been proposed [45, 46 ] . According to this model, an enzyme/DNA cleavable complex is the key covalent intermediate in the topoisomerase II-mediated DNA turnover which is in rapid equilibrium with the noncleavable complex [45, 46 ] . DNA in the cleavable complex is broken, but ds DNA breaks are hidden since they are clamped by topo II enzyme. The exposure of the cleavable complex to protein denaturants such as SDS or alkali results in a cleaved DNA product involving the covalent linking of topo isomerase II subunits to the 5'-ends of broken DNA [45, 46] .
Proceeding from the results that structural do mains of nuclear DNA contribute to the functional topoisomerase II/DNA complex [55, 56) it seems appropriate to interpret the SDS-detected HMW-DNA cleavage to occur at the early stage of apoptosis as a transition of DNA structural domains from «non-cleavable» to «cleavable» state, mediated by topo isomerase II. Our results allow us to suggest that changes in the functional properties of the complexes topoisomerase II/DNA structural domains, resulting in altered pattern of HMW-DNA cleavage, may be a physiologically valuable genome reaction, that un derlies an early commitment step of apoptotic cell death.
To summarize it can be concluded that changes in the integrity of nuclear DNA, recognizable as an altered pattern of SDS-dependent HMW-DNA cle avage, represent a physiological reaction of the cells engaged in apoptosis. This reaction may be associated with changes in proliferative status of the cells and may be interpreted as a transition of topoisomerase II/DNA complex between «cleavable» and «попсіе-avable» states.
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